This study investigated the hypoglycemic, hypolipidemic, and antioxidant effects of dietary quercetin in an animal model of type 2 diabetes mellitus. Four-week-old C57BL/KsJ-db/db mice (n = 18) were offered an AIN-93G diet or a diet containing quercetin at 0.04% (low quercetin, LQE) or 0.08% of the diet (high quercetin, HQE) for 6 weeks after 1 week of adaptation. Plasma glucose, insulin, adiponectin, and lipid profiles, and lipid peroxidation of the liver were determined. Plasma glucose levels were significantly lower in the LQE group than in the control group, and those in the HQE group were even further reduced compared with the LQE group. The homeostasis model assessment for insulin resistance (HOMA-IR) showed lower values for LQE and HQE than for the control group without significant influence on insulin levels. High quercetin increased plasma adiponectin compared with the control group. Plasma triglycerides in the LQE and HQE groups were lower than those in the control group. Supplementation with high quercetin decreased plasma total cholesterol and increased HDL-cholesterol compared with the control group. Consumption of low and high quercetin reduced thiobarbituric acid reactive substances (TBARS) levels and elevated activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) in the liver. Thus, quercetin could be effective in improving hyperglycemia, dyslipidemia, and antioxidant status in type 2 diabetes.
Introduction 3)
Type 2 diabetes mellitus, which accounts for more than 90% of diabetes cases, is a major world health problem [1] . Type 2 diabetes is characterized by insulin resistance and relative insufficiency of insulin secretion with hyperglycemia [2] . Diabetes mellitus also leads to blood lipid disorders, including hypertriglyceridemia and low HDL-cholesterol [3] and increased oxidative stress [4, 5] . Uncontrolled diabetes can cause diabetic complications, which increase medical costs and decrease quality of life. Cardiovascular diseases (CVDs) are among the most prevalent diabetic complications and leading causes of premature mortality among patients with type 2 diabetes [6] . Control of hyperglycemia and dyslipidemia is essential in reducing the risk for cardiovascular complications [7] .
In addition, evidence has accumulated that oxidative stress in diabetes contributes to the development of complications, including macro-and microvascular complications, and improvement of antioxidant status can be beneficial to protection against diabetic complications [5, 8] . Therefore, agents with hypoglycemic, lipid-lowering, and antioxidant activity could be very promising in the management of diabetes and prevention of cardiovascular complications.
Quercetin is a bioflavonoid widely distributed in foods and has well-characterized antioxidant properties in vitro and in vivo [9] [10] [11] [12] . Studies have demonstrated the hypolipidemic activity of quercetin in mice fed a high-fat diet [13] and in rats with streptozotocin (STZ)-induced diabetes [14, 15] . Quercetin inhibited α-glucosidase activity in vitro and in vivo [16] [17] [18] . Furthermore, quercetin offered at 0.1% of the diet [19, 20] and orally administered at 50 mg/kg body weight [11] reduced fasting hyperglycemia in STZ-treated rats, an animal model of type 1 diabetes. Previously, we demonstrated that chronic consumption of quercetin at 0.08% of the diet was effective in controlling blood glucose levels in db/db mice, an animal model of type 2 diabetes [18] . However, the effects of quercetin on dyslipidemia and oxidative stress in an animal model of type 2 diabetes are not yet fully understood. Also of interest is whether lower doses of quercetin (< 0.08%) could be beneficial in controlling blood glucose and lipid profile and decreasing oxidative stress in these animals. Thus, this study investigated the effects of different doses of quercetin (0.04% and 0.08%) on hyperglycemia, dyslipidemia, and antioxidant status in db/db mice to evaluate the value of quercetin as a possible agent for managing type 2 diabetes mellitus.
Materials and Methods

Reagents
Assay kits for glucose, triglycerides, total cholesterol, and HDL-cholesterol were purchased from Asan Co. (Seoul, Korea 
Animals and experimental protocol
Four-week-old male C57BL/KsJ-db/db mice (n = 18) were obtained from the Korean Research Institute of Bioscience and Biotechnology, Ochang, Korea. All animals had free access to commercial chow during 1 week of adaptation and then were randomly divided into three groups. The mice were offered AIN-93G or a diet containing quercetin at 0.04% (wt/wt, low quercetin, LQE) and 0.08% of the diet (high quercetin, HQE) at the sacrifice of cornstarch ad libitum for 6 weeks. The composition of the AIN-93G diet was 39.8% cornstarch, 20% casein, 13.2% dextrinized cornstarch, 10% sucrose, 7% soybean oil, 5% Alphacel, 3.5% mineral mixture, 1% vitamin mixture, 0.3% L-Cystine, 0.25% choline bitartrate, and 0.0014% tert-butyl hydroquinone [21] . Body weight and food intake of the animals were measured three times a week. The mice were housed individually in plastic cages and under conditions of controlled temperature (23-27℃), humidity (50-60%), and lighting cycle (0600-1800 hr light and 1800-0600 hr dark). All animal experiments were done according to the guidelines of the Animal Resource Center at Inje University, Korea.
Biochemical analyses of plasma and liver tissue
At the end of the experimental period, the mice were sacrificed by heart puncture after an overnight fast, and blood and liver samples were immediately collected. Blood samples were centrifuged at 1,500g for 15 min to acquire plasma. Plasma and liver samples were frozen at -70℃ for further analysis. Plasma glucose, triglycerides, total cholesterol, and HDL-cholesterol levels were measured enzymatically using commercial kits (Asan Co., Seoul, Korea), and insulin levels were determined using a radioimmunoassay kit (Linco Co., St. Charles, MO, USA). The homeostasis model assessment for insulin resistance (HOMA-IR) was calculated by dividing the product of insulin (μU/mL) and glucose (mmol/L) by 22.5 [22] . Plasma adiponectin levels were measured using a commercial ELISA assay kit (BioVendor Research and Diagnostic Products, Modrice, Czech Republic).
To determine hepatic lipid peroxide levels, liver tissue was mixed with 5 times the volume of 10 mM sodium phosphate buffer (pH 7.4) and homogenized using a glass Teflon homogenizer. Thiobarbituric acid reactive substances (TBARS) of the homogenate were measured employing the method of Ohkawa et al. [23] . To measure the activities of antioxidant enzymes, liver tissue was mixed with 10 times the volume of 50 mM phosphate buffer (pH 7.4) and homogenized. After the mixture was centrifuged at 600g at 4℃ for 10 minutes, the catalase (CAT) and glutathione peroxidase (GSH-Px) activities of the supernatant were measured by the Aebi method [24] and the method developed by Paglia and Valentine [25] , respectively. One unit of CAT activity was defined as the amount of the enzyme required to remove 1 μM substrate per minute. One unit of GSH-Px activity was defined as the amount of the enzyme that converted 1 μM NADPH substrate to NADP + per minute.
The supernatant was further centrifuged at 1,100g for 20 minutes to collect the remaining supernatant, which was used for measurement of superoxide dismutase (SOD) activity by the method developed by Marklund and Marklund [26] . One unit of SOD activity was defined as the amount of enzyme that reduces the rate of autoxidation of pyrogallol by 50%. The protein content was measured by the Bradford method with bovine serum albumin as the standard [27] . The enzyme activities were expressed as specific activity (U/mg protein). All assays were conducted in triplicate.
Statistical analysis
All values were expressed as the mean ± standard deviation (SD). Statistical differences among the experimental groups were assessed by one-way analysis of variance. Tukey's test was used as a follow-up test and significance was defined at P < 0.05.
Results
Effect of quercetin on hyperglycemia and dyslipidemia
Body weight, weight gain, food intake, and feed efficiency ratio (FER) did not significantly differ among the control, LQE, and HQE groups ( Table 1) . Consumption of low (408.1 ± 46.1 mg/dL) and high quercetin (332.8 ± 37.6 mg/dL) significantly decreased plasma glucose levels by 15% and 31%, respectively, The control group was fed AIN-93G diet, whereas the low and high quercetin (LQE and HQE) groups were fed a diet containing 0.04% and 0.08% quercetin (wt/wt) ad libitum for 6 weeks. Values represent mean ± SD (n = 6).
1) Feed efficiency ratio (%) = (Body weight gain [g/day]/food intake [g/day]) × 100 2) Not significant Table 1 . Body weight, food intake, and feed efficiency ratio of db/db mice compared with the control group (478.5 ± 54.4 mg/dL, P < 0.05 and P < 0.01, respectively, Fig. 1 ). Plasma glucose levels of the HQE group were further decreased compared with the LQE group (P < 0.05). Insulin levels of the control (74.7 ± 8.1 μU/mL), LQE (64.4 ± 7.7 μU/mL), and HQE (63.7 ± 6.1 μU/mL) groups were not significantly different; however, low (64.8 ± 9.7) and high quercetin (53.6 ± 9.4) reduced HOMA-IR values by 26% and 40%, respectively, compared with the control group (87.7 ± 9.1, P < 0.01). There was no significant difference between the HOMA-IR values for the LQE and HQE groups. High quercetin (14.2 ± 1.8 ng/mL) increased plasma adiponectin by 34% compared with the control group (10.6 ± 1.3 ng/mL, P < 0.05). Plasma adiponectin levels of the LQE group (12.1 ± 1.3 ng/mL) were not significantly different from those of the control and HQE groups. Plasma triglyceride levels of the LQE (118.8 ± 12.6 mg/dL) and HQE groups (107.7 ± 46.1 mg/dL) were lower by 16% and 24%, respectively, than those of the control group (141.0 ± 12.0 mg/dL, P < 0.05 and P < 0.01, respectively, Fig. 2 ). High quercetin decreased total cholesterol (132.5 ± 14.3 mg/dL) and increased HDL-cholesterol (67.2 ± 6.2 mg/dL) by 18% and 15%, respectively, compared with the control group (161.8 ± 18.2 mg/dL and 57.8 ± 5.9 mg/dL, respectively, P < 0.05). Plasma total cholesterol (144.7 ± 17.2 mg/dL) and HDL-cholesterol of the LQE group (59.5 ± 5.8 mg/dL) were not significantly different from those of the control and HQE groups.
Effect on lipid peroxides and antioxidant enzyme activity
The effects of quercetin on concentrations of lipid peroxides and activities of antioxidant enzymes in the liver are shown in Fig. 3 . Hepatic TBARS levels of the LQE (2.25 ± 0.35 nmol MDA/mg protein) and HQE groups (1.74 ± 0.24 nmol MDA/mg protein) were lower by 22% and 40%, respectively, than those of the control group (2.90 ± 0.46 nmol MDA/mg protein, P < 0.05 and P < 0.01, respectively). Activities of SOD and CAT in the liver of the LQE (34.5 ± 3.9 and 14.7 ± 2.0 U/mg protein, respectively, P < 0.05) and HQE groups (37.9 ± 3.8 and 15.7 ± 1.6 U/mg protein, respectively) were elevated compared with the control group (27.6 ± 3.0 and 11.9 ± 1.5 U/mg protein, respectively, P < 0.01). Consumption of low (17.8 ± 1.8 U/mg protein) and high (18.1 ± 2.0 U/mg protein) quercetin levels increased hepatic GSH-Px activity compared with the control group (14.6 ± 1.7 U/mg protein; P < 0.05). The control group was fed AIN-93G diet, whereas the low and high quercetin (LQE and HQE) groups were fed a diet containing 0.04% and 0.08% quercetin for 6 weeks. Values are mean ± SD (n = 6). Each bar with different letters is significantly different (*P < 0.05, **P < 0.01).
Discussion
Quercetin is a major common flavonoid that is widely distributed in plants which could have anti-diabetic effects; however, most studies have used animal models of type 1 diabetes [11, 12, 14, 15, 19, 20] . In this study, the anti-diabetic effects of quercetin offered in the diet at different levels (LQE and HQE) were evaluated in leptin receptor-deficient db/db mice, which display metabolic disturbances associated with type 2 diabetes, including obesity, hyperglycemia, hyperinsulinemia, and dyslipidemia. Consumption of quercetin at 0.04% and 0.08% of the diet did not show significant influence on body weight, food intake, and FER of the db/db mice. The average intakes of quercetin in the LQE and HQE groups were calculated as 52 and 105 mg/kg/d, respectively, based on food intake and average body weight.
Quercetin has shown α-glucosidase inhibitory activity in vitro [16, 17] , and acute consumption of quercetin was found to be effective in controlling postprandial blood glucose in STZinduced diabetic rats [18] . Chronic consumption of QE (0.1% of diet) decreased blood glucose in STZ-treated rats [19, 20] . Long-term consumption of quercetin at 0.08% of the diet also exerted a hypoglycemic effect in db/db mice [18] . In this study, quercetin offered at 0.04% was enough to control fasting glucose, and the hyperglycemic effect of quercetin was dose dependent. Since α-glucosidase is the major enzyme in the digestion of dietary starch, α-glucosidase inhibitors, such as acarbose, are used as an oral hypoglycemic agent for type 2 diabetes mellitus [28] . Both low and high levels of quercetin were effective in decreasing HOMA-IR. HOMA-IR is a surrogate index for insulin resistance [29] . High quercetin elevated plasma adiponectin in these animals. This result is similar to previous findings which demonstrated that quercetin increases adiponectin levels in animals with insulin resistance, such as western diet-fed mice [13] . Adiponectin is a hormone produced from adipose tissue, which reduces insulin resistance [30] . The hypoglycemic effect of quercetin could be due to α-glucosidase inhibition and partly due to elevation in adiponectin. Since to control blood glucose as close to normal as possible is the primary goal of treatment of diabetes [31] , quercetin could be useful in management of type 2 diabetes.
Quercetin also had a beneficial effect on the plasma lipid profile in db/db mice. Low and high quercetin improved hypertriglyceridemia, whereas high quercetin lowered plasma cholesterol and elevated HDL-cholesterol. Kobori et al. [13] reported that quercetin decreased expression of peroxisome proliferator-activated receptor-α (PPAR-α) and sterol regulatory element-binding protein-1c (SREBP-1c) in the liver of mice fed a western diet, resulting in decreased synthesis of triglycerides. Quercetin was reported to reduce de novo fatty acid and triglycerides synthesis and acetyl-CoA carboxylase (ACC) activity in rat hepatocytes [32] . These were suggested as the possible mechanisms contributing to the hypotriglyceridemic effect of quercetin. Therefore, quercetin could improve dyslipidemia by regulating the expression of PPARα, SREBP-1c, and ACC. Further study to investigate the expression of these proteins in db/db mice is needed to verify the mechanisms for the hypotriglyceridemic and hypocholesterolemic effects of quercetin in these animals. It was reported that chronic consumption of acarbose decreased blood triglyceride and cholesterol levels in diabetic rats [33] . In this study quercetin with α-glucosidase inhibition activity improved dyslipidemia in db/db mice.
CVD has been reported to be significantly associated with increased triglycerides and decreased HDL-cholesterol concentrations in diabetic patients [34] . Lowering cholesterol reduces the risk for CVD in individuals both with and without diabetes mellitus [35] . Thus, quercetin may contribute to prevention or improvement of cardiovascular complications via modification of the blood lipid profile in diabetics.
In diabetics, overproduction of reactive oxygen species (ROS) and free radicals occurs, and the antioxidant potential is decreased, inducing oxidative stress [4] . Oxidative stress can aggravate diabetic complications by augmented lipoprotein oxidation [5, 36] , activation of proinflammatory signals, and inactivation of anti-atherogenic enzymes, prostacyclin synthase and endothelial nitric oxide synthase (eNOS) [37] . In this study, low and high levels of quercetin effectively reduced TBARS of the liver, suggesting that quercetin behaves as a strong antioxidant in this animal model. Quercetin was reported to be a potent antioxidant by directly scavenging ROS and free radicals [10, 38] . In addition, quercetin also activates the function of antioxidant enzymes [39] . Antioxidant enzyme systems, such as SOD, CAT, and GSH-Px, react with reactive species and protect the cells against oxidative damage [40, 41] . In the present study, quercetin offered at 0.04% and 0.08% of the diet increased the activities of hepatic SOD, CAT, and GSH-Px in db/db mice. These results are in line with the previous findings that quercetin resulted in decreases in plasma and hepatic TBARS and increases in the activities of hepatic SOD and CAT in STZ-treated rats [11, 12] . SOD catalyzes the reaction decomposing superoxide radicals (O2
•-) to H2O2. The H2O2 can be then converted to water by CAT in the peroxisomes or involved in oxidization of GSH to GSSG by GSH-Px in the cytosol [40, 41] . Thus, quercetin could reduce oxidative damage, thereby effectively alleviating diabetic complications in this animal model.
In conclusion, dietary quercetin offered at 0.04% and 0.08% of the diet improved hyperglycemia, hypertriglyceridemia, and antioxidant status; whereas quercetin offered at 0.08% alleviated hypercholesterolemia and elevated HDL-cholesterol in db/db mice. Thus, quercetin may be useful in the management of diabetes mellitus and prevention of diabetic complications.
